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ABSTRACT

Thermal barrier and environmental barrier coatings (TBCs

and EBCs) will play a crucial role in future advanced gas

turbine engines because of their ability to significantly extend

the temperature capability of the ceramic matrix composite
(CMC) engine components in harsh combustion environments.

In order to develop high performance, robust coating systems
for effective thermal and environmental protections of the

engine components, appropriate test approaches for evaluating
the critical coating properties must be established. In this paper,

a laser high-heat-flux, thermal gradient approach for testing the

coatings will be described. Thermal cyclic behavior of plasma-
sprayed coating systems, consisting of ZrO2-8wt%Y203 thermal

barrier and NASA Enabling Propulsion Materials (EPM)

Program developed mullite+BSAS/Si type environmental

barrier coatings on SiC/SiC ceramic matrix composites, was

investigated under thermal gradients using the laser heat-flux rig
in conjunction with the furnace thermal cyclic tests in water-

vapor environments. The coating sintering and interface damage

were assessed by monitoring the real-time thermal conductivity

changes during the laser heat-flux tests and by examining the
microstructural changes after the tests. The coating failure
mechanisms are discussed based on the cyclic test results and

are correlated to the sintering, creep, and thermal stress

behavior under simulated engine temperature and heat flux
conditions.

INTRODUCTION

Environmental barrier coatings (EBCs) have been

developed to protect SiC-based ceramic components in gas

turbine engines from high temperature environmental attack

[1-5]. With continuously increasing demands for significantly

higher engine operating temperature, future EBC systems must
be designed for both thermal and environmental protection of
the engine components in gas turbine combustion environments

[6]. In particular, thermal barrier functions of EBCs become

necessary for reducing the engine component thermal loads and

chemical reaction rates, while still maintaining required
mechanical properties and durability of these components. The

advances in thermal and environmental barrier coating (TBC
and EBC) development will directly impact the successful use

of ceramic components in advanced engines.

In order to develop high performance ceramic coating
systems, advanced high-heat-flux test approaches need to be

established. The high-heat-flux test rigs will not only be able to

heat the coating surface to significantly higher temperatures

(e.g., 1500°C to 1650°C), but will also establish a large thermal

gradient across the coating thickness. In this way, the
coating/substrate interface and the substrate can be maintained

below a safe temperature limit. The coating operating
temperature and stress conditions can also be more realistically
simulated during such a test.

The laser high-heat-flux test rigs were developed for

durability testing of thermal barrier coatings [7-13]. The
coating thermal conductivity and sintering properties can be

measured in real-time from this kind of test. In addition, coating
delaminations can be monitored as a function of cycles from the

observed thermal conductivity variations because coating
delamination cracking causes a decrease in the measured
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thermalconductivity.The laserapproachhas alsobeen
demonstratedin evaluatingenvironmentalbarriercoatingson
SiC/SiCsubstrates[14].

In thisstudy,thelaserhigh-heat-fluxbasedtechniquehas
beenemployedto investigatethermalcyclicbehaviorof a
multi-layeredZrO2-Swt%Y203,and EPM bondcoat type
mullite+ barium-strontium-aluminosilicate(BSAS)mixture/Si
TBC/EBCsystemon SiC/SiCceramicmatrixcomposite
substrates.In somecases,thelaserthermalgradienttestsin
ambientairwerecombinedwithfurnacethermalcyclictestsin
water-vaporenvironmentsfor testingthecoatingspecimens,
providinginformationaboutthewater-vaporeffectsoncoating
failure.Thecoatingthermalconductivity,sintering,cracking
anddelaminationwereevaluatedduringthethermalcycling
tests.Coatingfailuremechanismsarediscussedbasedonthe
cyclictestresultsandarecorrelatedwiththesintering,creep,
andthermalstressbehaviorasafunctionofthetesttemperature
andheatfluxconditions.

EXPERIMENTAL

Plasma-sprayed ZrO2_8wt%Y203 thermal and

mullite÷BSAS/Si environmental barrier coatings on SiC/SiC

ceramic matrix composites were investigated in this study. The

EBC systems, namely, mullite and BSAS mixture layer and Si
bond coat, were air plasma-sprayed (APS) onto the 25.4 mm-

diameter and ~2.1 mm-thick melt infiltrated (MI) SiC/SiC

ceramic composites substrates on a hot stage of a furnace in

order to ensure crystalline phases of these coating materials.

The top ZrO2-8wt%Y203 coating was then deposited using a
conventional APS technique. The nominal thicknesses of the
coating system are listed in Table 1.

Table 1. TBC/EBC coating system investigated in this study

Coating
Materials

Top TBC EBC system
ZrO2- Mullite Si

8wt%Y203 +BSAS

(rtm) (gm) (gm)
lhick-

nesses 210-290 290-370 90-170

Substrate

MI SiC?SiC

(mm)

1.9-2.3

Thermal gradient cyclic testing of the ceramic coating

materials was carried out using a 3.0 kW CO2 laser (wavelength
10.6 micron) high-heat-flux rig. The general test approaches
have been described elsewhere [10, 14-16]. In this laser heat

flux test, coating surface heating was provided by the laser
beam and backside air cooling was used to maintain the desired

specimen temperatures. A uniform laser heat flux was obtained

over the 23.9 mm diameter aperture region of the specimen
surface by using an integrating ZnSe lens combined with

specimen rotation. Platinum wire flat coils (wire diameter

0.38 mm) were used to form thin air gaps between the top
platinum-coated stainless-steel plate and bottom stainless-steel

back plate to minimize specimen heat loss through the fixture.

During the laser thermal cycling test, the coating surface

temperature was measured by an 8 gm infrared pyrometer and

the backside CMC surface was measured by a two-color

pyrometer. The real-time thermal conductivity of the coating

system can also be obtained by measuring the temperature
difference across the coating system.

The TBC/EBC coatings were thermal cycled in ambient air

under the laser imposed thermal gradients. The surface was

tested at approximately 1482°C, and the coating/substrate
interface temperature was at 1250°C or 1300°C. Thermal

conductivity of the ceramiccoating system was also monitored

as a function of the laser cycle number using the steady-state

laser heat flux test approach [10, 14-17]. Some coating
specimens were also subjected to alternating laser thermal

gradient cycling tests in air and furnace thermal cycling tests in
a 90%H20-balance 02 water vapor environment at 1300°C. The

laser thermal cyclic tests were conducted using either 30 or

60 min hot time temperature cycles, but all with 3 min cooling
between each cycle to ensure that the test specimens were
cooled below 100°C. Furnace cyclic tests consisted of 60 min

high temperature heating and 20 min cooling cycles.

RESULTS

Thermal Conductivity

Fig. 1 shows the thermal conductivity of a 0.58 mm thick

ZrO2-8wt%Y203/mullite+BSAS coating system during a 20 hr
steady-state test under the laser high-heat-flux conditions. The
coating had an initial conductivity about 1.7 W/m-K. After laser

thermal exposure at 1482°C surface temperature and 1250°C

coating/substrate interface temperature, the average coating
conductivity value increased to 2.35 W/m-K in about 3 hours.
The conductivity then decreased with the test time. At the end

of the 20 hours, the coating conductivity was about 1.9 W/m-K.

This coating specimen was further subjected to a combined

test consisting of both furnace thermal cycling in a 90% water

vapor environment and laser thermal gradient cycling in air. The

coating thermal conductivity was measured in-situ during the
laser portion of the thermal cyclic test, and the results are shown

in Fig. 2. It can be seen that the alternating furnace and laser

thermal cyclic tests resulted in significant coating thermal
conductivity variations (i.e. large conductivity increases or

decreases). The coating conductivity changed from the highest

value 2.3 W/m-K during the first laser test cycle to about 1.5

W/m-K after the 400 combined laser and furnace cyclic tests.
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Fig. 1 Thermal conductivity of a 0.58 mm thick ZrO2-

8wt%Y203/mullite+BSAS coating system during 20 hr
laser steady-state testing. The coating surface and

interface test temperatures were 1482°C and 1250°C,
respectively.
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Thermal conductivity variations of a 0.58 mm thick

ZrO2-8wt%Y203/mullite+BSAS coating system during
the combined laser thermal gradient cyclic test in air

(with the coating surface and interface test temperatures

at 1482°C and 1250°C) and the furnace thermal cyclic
test in 90% water vapor environment at 1300°C. The 60
min hot time cycles were used for both the laser and
furnace tests.

After exposure for the first 50 fumace cycles, the coating
thermal conductivity increased from 1.9 W/m-K (measured

after the first 20 hr laser testing) to 2.1 W/m-K. During

subsequent 50 laser test cycles, the coating conductivity first
increased to about 2.2 W/m-K, and then generally decreased as
the cycles increased, drOpping down to about 2.0 W/m-K at the

end of the laser test cycles. During the rest of the furnace and

laser thermal cycles, the overall coating conductivity showed a

general trend to decrease with further thermal cycling. The
largest conductivity reduction (~17% reduction) was observed

after the second 50 furnace cycles. The thermal conductivity
changes after each segment of laser or furnace cycling are
illustrated in Table 2.

Table 2. Thermal conductivity (k) changes during the combined

laser cyclic test (LCT) and furnace cyclic test (FCT)

Cycle Laser FC LC FC LC FC LC
type Steady T T T T T T

- state
(test
time)

Test
cycles

k

%change

(20hr
test)

1

+12

(1 hr cycles)

2 52 102 152 202 302
......

51 101 151 201 301 401
+10 -6 -17 -4.2 -4.4 -2

Fig. 3 shows the measured thermal conductivity of a 0.58

mm thick ZrO2-8wt%¥203/mullite+BSAS coating system as a

function of cycles using only the laser thermal gradient cyclic
test. The laser test conditions for this specimen were the same
as that for the specimen which was tested with the combined

laser and furnace tests, i.e., surface and interface temperatures
of 1482°C and 1250°C, respectively, and with 1 hr hot time

cycles. The test results showed that the average coating
conductivity for this specimen also increased to about 2.3 W/m-

K during first several cycles. However, the specimen exposed
only to the laser cycling exhibited a monotonic decrease in

coating conductivity after the conductivity reached a peak value

of 2.3 W/m-K. The coating thermal conductivity remained

relatively unchanged after 40 hr laser testing. The coating
conductivity had a higher value of 1.8 W/m-K after the 134

cycles of the laser thermal gradient cyclic testing, as compared
to the previous laser and furnace tested specimen that had a
conductivity of 1.6-1.7 W/m-K after the same number of test
cycles.

Fig. 4 shows the thermal conductivity of a 0.58 mm thick
ZrO2-8wt%Y203/mullite+BSAS coating systems as a function

of cycles using only the laser thermal gradient cyclic test at a

higher interface test temperature of about 1300°C and a 30 min

shorter hot cycle time. The surface test temperature was still

maintained at about 1482°C. Note in Fig. 4 that more
conductivity variations were observed in this test than in the

laser testing conducted at a lower interface temperature. It can

be seen that the coating reached a peak conductivity value of

NASA/TM--2002-211593 3



about2.25W/m-Kafterabout5 cycles,decreasedto about
1.85W/m-Kafter25cycles,thenincreasedagainto about
2.1W/m-Kafter70lasercycles.Furthertestingresultedin a
conductivityreduction,reachingabout1.65W/m-Kafter200
lasercycles.A similarconductivityreduction(from2.3W/m-K
to 1.6W/m-K)wasobservedforthecombinedlaserandfurnace
cyclictestaftertotal200cycles,but it tooktwiceas long
because60mincyclingwasusedfor the laserandfurnace
combinedcycletests.Theacceleratedconductivityreduction
(thesameamountof conductivityreductionin lesstime)was
observedforthemorefrequentcycletest(30mincycletest)as
comparedtothe60mincycletests.
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Fig. 3 Thermal conductivity variations of a 0.58 mm thick

ZrO2-8wt%Y203/mullite+BSAS coating system during
the 60 min hot time cycle laser thermal gradient test, with

the coating surface and interface test temperatures being
at 1482°C and 1250°C, respectively.
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Fig. 4 Thermal conductivity variations of a 0.58 mm thick

ZrOe-8wt%Y203/mullite+BSAS coating system during
the 30 min hot time cycle laser thermal gradient test, with

the coating surface and interface test temperatures being
at 1482°C and 1300°C, respectively.

Failure Modes

The coating failure modes were investigated during the

laser and combined laser/furnace cyclic tests. Fig. 5 shows

typical coating surface and cross-section cracking morphologies

after the laser high thermal gradient tests. As shown in Fig. 5

(a), extensive "mud-flat" cracking was developed on the coating
surface after 134 cycles laser testing (60 min hot time laser

cycling). The size of the major surface crack segments typically

ranged from 0.5 to 1 mm. This typical surface cracking pattern

was observed for all the tested specimens. Surface cracking was
found to occur even at early stages of the laser testing (e.g.,

after the 20 hr laser steady-state cycle test), although the crack

widths and crack density usually increased with test cycles.

From the cross-section micrographs of the tested coating
specimen shown in Fig. 5 (b), it can be seen that the surface

cracks tended to be wedge-shaped, with the larger crack

opening widths near the coating surface and within the ZrO2-

8wt%Y203 layer. The cracks that initiated from the coating
surface extended deeply into the mullite and BSAS mixture

layers under the thermal cyclic loading, resulting in severe EBC

coating damage and the subsequent overall TBC/EBC coating
delamination.

The spallation morphologies of the 25.4 mm diameter

coating specimens were captured using a fast-speed video

camera during the laser testing, as shown in Fig. 6. Because the
delaminated coatings will show a higher brightness contrast due

to higher surface temperatures under the laser heating

conditions, the bright regions in the captured images
represented the delaminated and spalled coatings. Fig. 6 (a)
shows the coating failure image after 400 cycles of the

combined laser and furnace cyclic tests (60 min hot time cycles,
laser test surface and interface temperatures at 1482°C and

1250°C, respectively, and furnace test temperature at 1300°C).
It can be seen that besides coating spallations in the middle

region of the specimen, extensive coating delaminations and

spallations also occurred near the specimen edges because the

exposure of the entire specimen during the fumace thermal
cycles resulted in severe edge stress concentration and thus

edge crack initiation. Fig. 6 (b) shows the coating spallation
image of the laser cyclic tested specimen without furnace

exposure (30 min hot cycles, laser test surface temperature
1482°C and interface temperature of 1300°C). For this

specimen, the edge cracking was suppressed because the laser

aperture top plate effectively shielded the coating edges and

thus more or less prevented the coating edge failure. The
coating had large spalled areas primarily near the center of the
specimen.

It should be noted that the coating failure observed under

the present testing was still at the relatively early stages where

NASA/TM_2002-211593 4



somelargeisolatedcoatingpiecesaboutseveralmillimeters(up
to9-10mm)insizeweredelaminatedandlaterspalledoff. The

laser testing was interrupted to avoid further catastrophic
spallation and possible melting of the coatings due to laser

heating (as has been observed in some of early tests) in order to

preserve better evidence for investigating coating failure
mechanisms.

DISCUSSION

For both the laser and combined laser/furnace tested

specimens, initial thermal conductivity increased considerably
due to coating sintering. Increased thermal conductivity for
ZrO2-8wt%Y203 thermal barrier and Si-based environmental

barrier coatings has been experimentally demonstrated [ 10, 14-
16]. The modeled thermal conductivity increases for a ZrO2-

8wt% Y203 coating as a function of time and temperature using
the previous test data are shown in Fig. 7. It should be pointed

out that the data were measured for the ZrO2-Swt% Y203

coating material at a lower temperature regime (1000-1300°C),
and the extrapolation to higher temperatures may be considered

qualitative and should be used with great caution. Nevertheless,

the results show that a very fast conductivity increase is
expected for ZrO2-8wt%Y203 coating system at all the test
temperatures.

For BSAS and mullite/BSAS environmental barrier

coatings, it has been reported that the combined laser cyclic test
in air and furnace cyclic test in water vapor caused faster
coating sintering and more conductivity increases at the initial

cyclic stage than the laser thermal cycling test in air [ 14]. In the
present study, the combined laser and furnace tests resulted in

higher overall conductivity increases in the first 100-120 cycles

for the TBC/EBC system as compared to the laser tests in air,
which is consistent with the previous observations. The
enhanced coating sintering under the combined laser and

furnace cycle tests may be attributed to the enhanced sintering

of the ceramic coatings at the higher test interface temperature
and the enhanced EBC sintering due to faster silica formation in

the water vapor environments during the furnace cyclic test
[17].

The coating conductivity decreases observed under cyclic
testing are primarily due to coating cracking and delaminations.
The processes are complex in nature and are related to the

coating sintering-creep (a time- and temperature-dependent

process) and cyclic fatigue (a cycle frequency dependent
process) under thermal cycling conditions. It should be
mentioned that the conductivity decrease was observed in

the first 20 hr steady-state laser testing, indicating possible

crack formation and coating delamination due to the large

sintering shrinkage at high temperature before the first cooling
cycle. After the laser cyclic testing, extensive surface cracks

•. • .._._: .... :. : !

_. i

_....x.!:_:. ..:

,:_! ..... ._ii_

(a)

(b)
Fig. 5 Micrographs of typical coating surface and cross-section

cracking morphologies of a ZrO2-8wt°_Y203 /

mullite+BSAS/Si multi-layered coating system after laser

thermal gradient cyclic testing. (a) Coating surface
morphology showing extensive surface crack networks

developed after laser testing; (b) Coating cross-sections

showing the sintered coating layers, and wedge-shape
surface cracks and the resulting coating delaminations
under the laser thermal gradient cyclic test conditions.
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Ca)

(b)

Fig.6 Coatingspallationimagescapturedfor25.4mmdiameter
coatingspecimensusinga fast-speedvideocamera
duringthe lasertesting.Coatingdelaminationand
resultingspallationpattemsfor (a) thecombinedlaser
andfurnacetestedspecimenafter400cyclestesting(the
60minhotcycle)and(b) lasercyclictestedspecimen
after200cyclesatthesurfaceandinterfacetemperatures
1482°Cand1300°C,respectively(30minhotcycles).

developed.Thewedge-shapedcracksareoftengenerateddue
notonlyto theceramiccoatingsinteringandcreepat high
temperatureunderthelasertesting[8], but also to the thermal

expansion mismatches between the coating layers and the

substrate [17]. Thus, one can correlate the cracking

morphologies to the laser thermal gradients and cyclic
conditions, and predict the surface crack evolution as a function
of time [8].
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Fig. 7 Thermal conductivity increases as a function of time and

temperature predicted and extrapolated from laser tested

data for a plasma-sprayed ZrO2-8wt%Y203 coating.

The sintering part of the shrinkage for ZrO2-8wt%Y203 in
the absence of a compressive stress creep was demonstrated in a

dilatometer test [ 17]. The results are shown in Fig. 8. It can be
seen that the coating shrinkage strain was about 1.05% after

76 hr isothermal testing at 1500°C. The very fast initial increase
in the sintering shrinkage strain will result in the formation of
the surface cracks in relatively short test times. Once the surface

cracks are formed, the coating delamination cracks will then be

initiated and propagated under the cyclic thermal stresses

originating from further sintering-creep shrinkages, and the

thermal expansion mismatch between the ZrO2-Swt%Y203 top-

coat, and the Si-based EBCs and CMC substrate during the
testing [17]. The conductivity variations during the laser tests

are attributed to a competing process of the sintering related

crack healing, and new crack formation and crack propagation
under thermal cycling conditions.

More severe coating delaminations, as indicated by lower

apparent coating conductivities, were observed for the specimen
under the combined furnace water vapor and laser cyclic test

conditions and for the specimen tested under a higher interface

temperature with shorter cycle times. It was previously reported

that water vapor had a detrimental effect on EBC coating
durability by promoting coating/substrate interracial pore
formation for the current EBC systems under the combined
laser thermal gradient (tested at surface and interface

temperatures of 1482°C and 1300°C) and furnace water vapor
(tested at 1300°C) cyclic testing conditions [14], which leads to
faster coating conductivity reductions under the laser thermal

cyclic testing. The surface vertical cracks penetrating through

the TBC/EBC system will further accelerate coating
degradation. When large enough sized pores or cracks are

generated under the thermal cycling tests, the crack healing

NASA/TM_2002-211593 6



processwill becomelessfavorableor even impossible at the
test temperatures. The higher interface test temperature, Which

may enhance the initial coating sintering and crack healing, will
later result in more coating interface damage and weak interface

bonding. As a result of this, substantial coating delamination

and spallations were observed for the specimen tested under the

combined laser cycling in air and furnace cycling in water vapor
environments. Similarly, for the short cycle time tested

specimens, the crack healing process is also less favorable

because of the shorter hold time; more accumulated coating
damage due to the more frequent cycles and the weakened

interface from the higher interface temperature led to an

accelerated coating delamination as observed in the

experiments. The accelerated damage with increasing cycle
frequency under more frequent cycle test (30 min cycle test)
also suggests a possible cyclic fatigue effect besides the time

dependent sintering-creep effect for the TBC/EBC coating
systems.

1.5
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0 10 20 30 40 50 60 70

Time, hours

80

Fig. 8 The sintering-shrinkage strain measured for a plasma-

sprayed ZrO2-8wt%Y203 coating in a dilatometer
thermal expansion test as a function of test time at
1500°C.

CONCLUSIONS

A laser heat flux test approach has been developed to
investigate the thermal conductivity and cyclic behavior of
plasma-sprayed ZrO2-8wt%Y203 thermal barrier and

BSAS+mullite/Si environment barrier layered coatings on

SiC/SiC ceramic matrix composites under thermal gradient
cyclic conditions. The furnace water vapor cyclic tests were

also incorporated into the laser cyclic tests to investigate the

combined effect of water vapor exposure and thermal gradient
cycling on coating conductivity and failure. For both the laser

and combined laser-furnace tested specimens, thermal

conductivity initially increased due to the coating sintering. The

coating conductivity later decreased under the further cyclic
testing due to the coating cracking, delamination and spallation.
The failure of the coating system can be characterized as

wedge-shaped surface coating cracking, surface cracking-

enhanced coating delamination and interface debonding and

spallation under the thermal cyclic loading. Enhanced coating
sintering and coating delaminations were observed for the

specimen under the combined laser cyclic and furnace water

vapor test conditions. The accelerated coating delamination

with increasing interface test temperature and cycle frequency
was also observed for the TBC/EBC coating system.
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